Lycopersicon esculentum Mill. cv Vedettos and Lycopersicon chmielewskii Rick, LA1028, were exposed to two CO2 concentrations (330 or 900 microliters per liter) for 10 weeks. Tomato plants grown at 900 microliters per liter contained more starch and more sugars than the control. However, we found no significant accumulation of starch and sugars in the young leaves of L. esculentum exposed to high CO2. Carbon exchange rates were significantly higher in C02-enriched plants for the first few weeks of treatment but thereafter decreased as tomato plants acclimated to high atmospheric CO2. This indicates that the long-term decline of photosynthetic efficiency of leaf 5 cannot be attributed to an accumulation of sugar and/or starch. The average concentration of starch in leaves 5 and 9 was always higher in L. esculentum than in L. chmielewskii (151.7% higher). A higher proportion of photosynthates was directed into starch for L. esculentum than for L. chmielewskii. However, these characteristics did not improve the long-term photosynthetic efficiency of L. chmielewskii grown at high CO2 when compared with L. esculentum. The chloroplasts of tomato plants exposed to the higher CO2 concentration exhibited a marked accumulation of starch. The results reported here suggest that starch and/or sugar accumulation under high CO2 cannot entirely explain the loss of photosynthetic efficiency of high CO2-grown plants.
The enhancement of growth and yields by increasing the level of CO2 in the atmosphere has been reported for many species (6) . However, the long-term effects of high CO2 levels on the physiological and biochemical behaviors of tomato plants need to be studied further. Many species lose their photosynthetic efficiency when subjected for an extended period to high concentrations of CO2 in the atmosphere (5, 9, 12) , and become gradually less efficient in the use ofthe added CO2. In a recent study, Yelle et al. (21) showed that the beneficial effects of CO2 enrichment on the relative growth and photosynthetic rates were not maintained as tomato plants matured. Photosynthesis of leaf 5 was 37% higher than ' Research supported by Conseil des Recherches en Peche et AgroAlimentaire du Quebec and by the Fonds pour la Formation de Chercheurs et l'Aide a la Recherche. the control plants after 1 week of CO2 enrichment, but thereafter decreased. After 8 weeks of treatment, the difference in photosynthetic rates decreased to only 6%. Similar results were also reported by Aoki and Yabuki (1) with cucumber, Spencer and Bowes (15) with water hyacinth, Havelka et al. (4) with soybean, and Mortensen (9) with chrysanthemum.
Although many studies quantified the long-term decline in photosynthesis of plants grown under high CO2 levels, this phenomenon is not yet totally understood. Spencer and Bowes (15) suggested that reduced stomatal conductance of leaves maintained at high CO2 could partly explain the acclimation. Recently, Yelle et al. (21) reported a significant decrease of stomatal conductance oftomato leaves under high CO2. However, the constant value of internal CO2 concentration throughout the experiment suggested that reduced stomatal conductance could not explain lower photosynthetic rates. Spencer and Bowes (15) and Vu et al. (18) indicated that the decline of Rubisco2 activity could explain the acclimation to high CO2 levels. However, the hypothesis most often proposed to account for the negative effect of CO2 enrichment is the buildup of starch and sugar. Thomas et al. (16) , Madsen (7) , and Mauney et aL (8) suggested that the decline of photosynthetic efficiency of plants grown at high CO2 concentrations is caused by an accumulation of starch. Azcon-Bieto (2) reported that an accumulation of starch above a critical level causes a decline of CO2 assimilation, and Nafziger and Koller (10) showed that a high starch level is associated with low carbon exchange rates. The buildup of starch can consequently cause a disruption of the thylakoids structure and disorientation ofgrana (7, 13) . However, despite many studies that have reported a negative correlation between the net photosynthetic rates and starch concentration, no direct physiological or biochemical relation has been established between starch accumulation and the depression of photosynthesis under long-term exposure to high CO2.
The present study deals with the effects of CO2 enrichment on the concentration of carbohydrates in the leaves of two tomato species (L. esculentum and L. chmielewskii). Previous work (20) showed that L. chmielewskii as opposed to L. esculentum accumulated 2 times more soluble solids in the fruit, was a sucrose accumulator, and had a specific sink (Table I) . However, tomato leaves gradually acclimated throughout plant development, resulting in diminished CER. After 8 weeks of treatment, the CER was only 8.5% and 2.1% higher for leaf 5 of L. esculentum and L. chmielewskii respectively (Table I ). Leaf 9 also showed a transient increase of CER under 900 ,L L`CO2 followed by a decrease in photosynthetic efficiency compared to nonenriched plants (Table I ). The decrease of photosynthesis was faster and more pronounced for L. chmielewskii than for L. esculentum. The low sink size of the wild specie may have caused the faster decline.
Starch and Sugars Levels
The concentrations of starch in leaves 5 and 9 were always higher in L. esculentum than in L. chmielewskii (average of 151.7% higher; Table II ). In a previous study, Yelle et al. (21) showed that fruits of L. chmielewskii accumulated less starch than those of L. esculentum as a result of reduced concentrations of ADP-glucose pyrophosphorylase and a higher level of phosphorylase.
In general, tomato plants grown at 900 jAL L' CO2 contained more starch than the control. The accumulation was similar for both species. Starch concentrations were always higher in leaves sampled at 1600 h than at 0800 h (Table I) . The largest relative increases in starch accumulation during the day were found for leaves 5 and 9 of L. chmielewskii grown under ambient CO2 (average of 252.6% and 183.5% higher, respectively). Tomato plants grown at 900 ,uL L`CO2 contained more sucrose and glucose+fructose than the control. The highest levels of sugars for high C02-grown plants were found for leaf 5 of L. chmielewskii. The concentration of sucrose in the leaves was similar for both species under normal CO2 levels (Table III) . Under CO2 enrichment, the sucrose concentration was significantly higher in L. chmielewskii than in L. esculentum for leaf 5 and slightly higher for leaf 9. The concentration of glucose+fructose of plants exposed to high CO2 was higher in L. chmielewskii than in L. esculentum for leaf 5, but was lower for leaf 9. In all cases, CO2 enrichment resulted in a larger increase of sugars in L. chmielewskii (average of 96.5% higher) than L. esculentum (average of 53.8% higher).
In a similar manner to the starch concentration, the concentrations of sucrose and glucose+fructose were always higher at the afternoon than at the morning samplings (Table  III) . The plants grown at ambient atmospheric CO2 had the greatest increase in sugar accumulation during the day. In all cases, the concentrations of the sugars were already relatively high at 0800 h for plants exposed to 900 ,L L', which explains the proportionally lower accumulation throughout the day. accumulation increased throughout plants development at both sampling times (Fig. 1, C, D, G, and H) . A large accumulation of starch occurred in leaf 9 during weeks 8 through 10 . The starch levels of CO2-enriched and nonenriched plants were already very high at 0800 h during these weeks, suggesting that overnight translocation of photosynthates was limited. As a result of fruit harvesting, the increase of the source/sink ratio in the last 3 weeks may have caused the buildup of starch in L. esculentum leaves. The higher starch content for leaves of enriched plants was significant for both leaves of L. chmielewskii for most of the sampling times (Fig. 1, A, B , E, and F). A slight starch buildup was observed over the course ofthe experiment for leaf 5 ofL. chmielewskii (Fig. 1, A and E) , whereas the concentration remained more constant for leaf 9 throughout plant growth (Fig. 1, B and F) . Starch concentrations of L. chmielewskii leaves were always higher at the afternoon than the morning samplings. These results suggest that, even if the sink size of L. chmielewskii was very small, a substantial translocation of assimilates occurred overnight. Sucrose concentration was higher at 900 ML L-' than at 330 ML L-' during most of the sampling times for L. chmielewskii (Fig. 2, A for starch (Fig. 1, D , G, and H) and the two reducing sugars (Fig. 3, C , D, G, and H). A depletion of sugar and starch was measured after the beginning of anthesis (week 2 to 3) corresponding to very high sink demands. After the first week, the high CO2 concentration caused a significant increase in the fructose+glucose concentration in leaf 5 of L. chmielewskii. This accumulation remained throughout the experiment (Fig. 3, A and E) . Leaf 9 of L. chmielewskii exposed to high CO2 accumulated fructose+glucose at a higher rate than the control after 4 weeks and maintained this rate for the rest of the experiment (Fig.  3, B and F) . Leaf 5 of L. esculentum sampled at 0800 h accumulated a similar concentration of fructose+glucose at both CO2 concentrations (Fig. 3C) while for leaf 9, weeks 2, 8, and 10 had higher concentrations of fructose+glucose at 900 than at 330 ,uL L` (Fig. 3D) . For the afternoon samplings, the concentration ofreducing sugars in leaf 5 ofL. esculentum was similar at 330 and 900 ,L L`for the first 5 weeks of sampling. Thereafter, the accumulation was significantly higher at 900 AL L` (Fig. 3G ). For leaf 9 (Fig. 3H) , the concentration of reducing sugar was significantly higher at 900 AL L`than at 330 AL L`at weeks 1, 6, 8, and 10.
The high starch and sugar accumulations found in leaves grown at 900 ,uL of CO2 L-l (Figs. 1, 2 , and 3) were related to a reduction of relative growth rate (RGR) and photosynthesis. Yelle et al. (21) previously showed that the RGR of were increased by 18.1% and 33.3%, respectively after 2 weeks of treatment. Thereafter, the RGRs of C02-enriched plants declined faster than the control, resulting in RGR 17.7% and 34.7% lower than the control for L. esculentum and L. chmielewskii, respectively, after 10 weeks. Carbon exchange rates of high CO2-grown plants were initially significantly higher than the control for L. esculentum and L. chmielewskii (Table I) . However, after 8 weeks of treatment, the CER of CO2 enriched plants were not significantly different than the 330 gL L-' C02-grown plants. High starch content in both leaves ofL. chmielewskii and in leaf 9 ofL. esculentum (Table  II) suggests that the buildup of starch caused the acclimation of high C02-grown plants (21) . This hypothesis has been previously suggested by many authors (7, 8, 13, 16) . However, the differences in starch content resulting from high CO2 were never significantly different for leaf 5 of L. esculentum at 0800 h (Fig. IC) and were only significant at 1600 h for weeks 1 and 2 (Fig. IG) . The starch levels were much higher in leaf 9, and the differences between treatments were significant at most of the sampling dates. Yet, the decline of photosynthesis over the course of the experiment was very similar in both leaves. These results, taken with those of the sugars, indicate that the decreases in the photosynthetic rates cannot be solely explained by changes in the starch and sugar concentrations in the leaves. Based on a percentage of dry weight, the average starch concentration ranged from 4% to 17% for the first 5 weeks (weeks corresponding to an important decline of photosynthesis) of sampling ( Fig. 1 ). Nafziger and Koller (10) found a direct correlation between starch accumulation under high atmospheric CO2 and the decline of photosynthesis. However, they found no significant decline in photosynthesis associated with starch concentration between 5% and 17%. Azcon-Bieto (2) reported that the accumulation of soluble sugars in wheat leaves was correlated to the inhibition of photosynthesis. Except for leaf 5 of L. esculentum sampled at 0800 h at week one, our study found no substantial accumulation of sugars during the first 5 weeks of treatment for L. esculentum (Figs. 2, C and G, 3, C and G) , suggesting that the rapid decline of the relative growth rate and photosynthesis could not be attributed to sugar accumulation. Thus, we conclude that the buildup of starch and sugar under our conditions was not high enough to cause feedback inhibition of photosynthesis.
Ultrastructural Observation of the Chloroplasts
The chloroplasts of leaf 9 of tomato plants exposed to high atmospheric CO2 concentrations exhibited a marked accu- mutation of starch (Fig. 4) . After 4 weeks of CO2 enrichment, the accumulation was notable in both species, but no modification of the chloroplast integrity was noted (Fig. 4, B and  D) . At week 10, the starch content in some of the chloroplast integrity was noted (Fig. 4, B and D) . At week 10, the starch content in some of the mesophyll chloroplasts of C02-enriched plants distorted the thylakoids. However, only a small proportion of the chloroplasts mainly located in the phloem cells were so affected. The distortion was usually more pronounced in L. esculentum (Fig. SB) than in L. chmielewskii (Fig. SD) . This could be attributed to lower levels of starch in L. chmielewskii than in L. esculentum leaves. Madsen (7) demonstrated that tomato plants grown under high CO2 levels accumulated starch and had deformed thylakoids. Carmi and Shomer (3) and Wildman et al. (19) also reported that the accumulation of starch within the chloroplast damaged the thylakoids and grana. Troughton ( 17) hypothesized that such damage reduced photosynthetic rates.
The size and number of starch grains in the chloroplasts concur with the starch data. An accumulation of starch was detectable at week 4, but without visible modification of the chloroplast ultrastructure. This suggests that the decline of photosynthesis of high C02-grown plants during the first 4 weeks cannot be attributed directly to the damage of the chloroplasts. Also, the present data reveal that the chloroplast ultrastructure was more affected in L. esculentum than in L. chmielewskii under high CO2, but L. chmielewskii showed a faster decline in photosynthesis. Thus, it can be concluded that modification of chloroplast ultrastructure was not the primary reason for acclimation to high CO2 concentrations. CONCLUSION We measured a high concentration of starch in mature tomato leaves exposed to high CO2. The starch accumulation was related to a decline in photosynthesis, suggesting that starch buildup acted as a feedback inhibitor ofphotosynthesis. However, leaf 5 showed the same decline in photosynthesis under high CO2 but without any significantly higher accumulation of starch. This indicates that the long-term decline of photosynthetic efficiency of leaf 5 cannot be attributed to a buildup of starch. Similarly, the acclimation to high CO2 concentration did not appear related to sugar accumulation in leaf 5 of L. esculentum.
Two species were studied here to verify whether their different sink metabolisms and carbohydrate assimilations could modify the long-term response to high CO2. Both species accumulated starch and sugars when exposed to high CO2 concentration, but the partitioning of photosynthates was more directed into starch for L. esculentum than for L. chmielewskii. Furthermore, L. chmielewskii had relatively lower concentrations of starch than L. esculentum at both CO2 levels. However, these characteristics did not improve the long-term photosynthetic efficiency of L. chmielewskii grown at high CO2 when compared with L. esculentum.
Our results suggest that and/or sugar accumulations under high CO2 concentrations cannot entirely explain the loss of photosynthetic efficiency of high C02-grown plants. We previously showed that stomatal conductance declined significantly under high C02 (21) . However, this decline alone could not explain the reduced photosynthetic rates since internal CO2 concentrations were not modified throughout plant growth. Further research should be undertaken to determine the biochemical and physiological reasons underlying the efficiency loss. Research should be oriented to study the effects of high CO2 on the mesophyll resistance.
